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ABSTRACT 
PEM FUEL CELL WITH HIGH-PERFORMANCE BIPOLAR PLATES 
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Dr. Pradip Majumdar, Director 
The consumption of electricity has drastically increased over the last decade and the need 
for cheap energy-efficient sources has augmented. Fuel cells have been proposed as possible 
power sources to address issues that involve energy production and the environment. A proton 
exchange membrane fuel cell (PEMFC) is a likely alternative as a zero-emission source due to its 
high efficiency, low temperature operation and high power density. The bipolar plate is a vital 
element of PEM fuel cell, which supplies fuel and oxidant to reactive sites, removes reaction 
products, collects produced current and increases the effective contact area for higher heat and 
mass transport. It also represents more than 60% of the weight and 30% of the total cost in a fuel 
cell stack. Improving the layout of the flow field and use of lightweight materials can 
significantly reduce the weight of the fuel cell stack. Different material combinations flow field 
layouts and fabrication techniques will be studied to achieve the previously mentioned functions 
efficiently, with the aim of obtaining higher performance. Bipolar plates with different flow field 
layouts have been designed and their effect on the PEM fuel cell will be measured using 
computational multiphysics models. 
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 A fuel cell is a device that converts chemical energy into electrical energy, which is 
typically two to three times more efficient in converting fuel to power hydrogen and Oxygen in 
gaseous form react with each other in the presence of a catalyst to produce electricity. A typical 
fuel cell consists of a membrane electrode assembly (MEA) made of cathode and electrode gas 
diffusion layers, membrane and bipolar plate to carry out electro-chemical reactions and generate 
electricity (Fig 1-1). The bipolar plate plays a pivotal role in the performance of a fuel cell and 
contributes significantly to the overall weight and cost of a fuel cell.  
Figure 1-1 Diagram of a PEM fuel cell 
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Figure 1-1 describes the process of a PEM fuel cell. We can see that the transport 
species in this case are hydrogen and Oxygen. In a PEM fuel cell the hydrogen atoms split into 
hydrogen ions and electrons in the presence of a platinum catalyst and the electrons flow 
externally and reach the cathode, whereas hydrogen ions pass through the membrane and reach 
the cathode side. This membrane does not allow the transfer of electrons and hence this fuel cell 
is also called as proton exchange membrane fuel cell.  
Usually the voltage generated by a single cell is much less for use in their respective 
applications. So to attain the desired voltage, we stack multiple unit cells in various combinations 
until we are able to generate reliable and usable energy. Figure1-2 shows a stacked fuel cell. 
Figure 1-2 Fuel cell stack with multiple MEAs and bipolar plates 
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Devising sustainable energy resources that are readily accessible to all nations, 
environmentally friendly, and cost competitive with fossil fuels (coal, natural gas, and petroleum 
oil) is one of the greatest challenges of the 21st century. The PEM fuel cell can be used at low as 
well as high temperatures and hence it found its way into both the transportation and stationary 
power generation industries. However, major obstacles to the adaptation of this technology are 
the excessive cost, lower performance particularly at high current densities, reliability and 
durability over an extended period of time. Some of the major challenges are to improve the 
overall fuel cell efficiency and cost by reducing the cost, improving performance, and increasing 
reliability and durability of some of the key components such as the membrane electrode 
assembly (MEA) and the bipolar plate. A lot of research has taken place in the field of fuel cells 
and the following section discusses some of it. 
1.2 Literature Review 
A comparison of 1D, 2D and 3D models of PEMFC until 2001 is presented by Shimpalee 
et al. [2001] and also suggests that improving the PEMFC performance cannot be achieved only 
from experimental methods. They presented a one-dimensional model that gave the principles 
and physics inside PEMFCs and hence provided the fundamentals of multidimensional models. 
They also suggest that more work is to be done in transient response of PEMFC, CO poisoning 
effect and water management in stack, etc. 
T.E. Springer, T.A. Zawodzinski and S. Gottesfeld [1991] discussed a 1D model of 
PEMFC in which membrane properties are a function of water content. They briefly discuss the 
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effect of water content with current density. They also discussed the resistance in the membrane 
with current density. 
 Dawn M. Bernardi and Mark W. Verbrugge [1991] discussed a 2D model of membrane 
attached to a gas diffusion layer. The model is simulated for the oxygen electrode of a PEMFC. 
In addition to pressure-driven water content, the study also includes electro-osmotic convection 
in the membrane. Results are shown for electrode potential, membrane resistance and reaction 
rate with respect to current densities. Results are also discussed for pressure velocity and 
concentration variation along the position of electrode. 
 Nguyen, Berning, and Dijilai [2004] created a 3D computational model of a PEMFC with 
serpentine channel flow field. This model accounts for convective and diffusive heat and mass 
transfer, electrode kinetics and potential fields. The model provided valuable information about 
gas concentration distribution, temperature diffusion, potential distribution and local current 
density distributions. The implementation of voltage-to-current algorithm allowed the model to 
get more realistic spatial variation of the electrochemical kinetics. 
 Shimpalee and Dutta [2000] analyzed a 3D model for temperature distribution in 
PEMFCs. They also analyzed the model for fuel cell performance, inlet humidity condition, cell 
voltage, membrane thickness and temperature rise incorporated with phase change. 
 Naterer and Tokarz [2006] created an innovative method to reduce voltage losses. They 
considered a 2D model of PEMFC and solved for water content and cell performance using 
energy-based design of fuel cells. The results are discussed on water content and cell 
performance at isothermal conditions. 
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 Mingruo Hu, Xinjian Zhu et al. [2004] created a 3D two-phase flow for PEM fuel cells. 
They discussed briefly about the velocity profile, activation, ohmic losses, oxygen concentration 
distribution, water distribution and liquid-phase water distribution along the model. 
 Izenson and Hill [2005] presented a water balance in PEM and direct methanol fuel Cells. 
The water balanced is studied with different stoichiometric ratios and operating temperatures. 
 Chen and Hickner [2006] analyzed a 2D model for cell performance using the finite 
element method and a fully coupled implicit solution scheme via Newton’s technique. The 
mathematical model is validated with experimental data. 
 S. Dutta, S. Shimpalee, and J.W. Van Zee [2001] studied a 3D model for mass transfer in 
PEMFC with serpentine flow channel. The simulation is solved by FLUENT for transport 
phenomenon, N-S equations and electrochemical reactions. 
 Dawn M. Bernardi and Mark W. Verbrugge [1992] investigated the limit cell 
performance. The result of the model polarization curve is validated with experimental results. 
From their study they concluded that 20% of excess gas transport on cathode side will avoid low 
cell limiting current densities.   
            K. Dannenberg, P. Ekdunge and G. Lindbergh [2000] presented simulation results of a 2D 
PEMFC model. The simulations are carried out for different humidities of inlet gases, different 
stoichiometric amounts of reactants and cooling media with different heat transfer coefficients. 
The conclusion from their study is that the best performance of the PEMFC is obtained for well-
humidified gases at conditions close to isothermal at a specific stoichiometry of gases.              
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         Kumar and Reddy [2002] used a three-dimensional half-cell computational model to study 
the effect of size and shape of a single serpentine channel on the hydrogen consumption rate at 
the anode electrode. Improved performance of a polymer electrolyte membrane fuel cell 
(PEMFC) was achieved through optimization of the channel dimensions and shape of the flow 
field. Results showed increase in hydrogen consumption rate with decrease in land width.  
         Kumar and Reddy [2004] considered metallic bipolar plates with conventional flow 
channels embedded with metalfoams in the flow fields. Results show superior performance of the 
fuel cell with the use of embedded metal foam bipolar plates that results in a lower permeability.  
      M. Curtis, and L. Xianguo [1999] used transport correlations in the computational model for 
the reactant gas transport in flow channels of graphite bipolar plates and demonstrated mass 
transfer limitation as the major cause of cell performance loss. 
Boddu and Majumdar [2006] showed various designs of the bipolar plate using a 
computational fluid dynamic model and evaluating the flow, heat, and mass transport 
characteristics. The computational model is based on three-dimensional developing turbulent 
flow and heat and mass transfer transport. Heat and mass transfer coefficients and coefficient of 
pressure are shown for various designs. Results are presented for straight through parallel 
channels. 
      Boddu et al. [2007] studied various bipolar plate designs with varying flow geometry and 
sizes for flow, heat and mass transfer rates. Flow characteristics, including variation of pressure 
in the flow channel across the bipolar plate, are presented. Pressure drop characteristics for 
different flow channel designs are compared for different bipolar plate designs. 
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1.3 Objective 
The principal goal of our project was to design and develop high-performance bipolar 
plates for PEM fuel cell with a target to achieve better performance of the fuel cell at higher 
current densities. Our efforts were focused on improving the performance, cost, weight, and size 
of the bipolar plates for PEM fuel cells by simulating, designing and fabricating, and determining 
the final design which can be used for testing.  Improving the layout of the flow field and use of 
lightweight materials can significantly reduce the weight of the fuel cell stack. Different material 
combinations flow field layouts and fabrication techniques were studied to achieve the 
previously mentioned functions efficiently, with the aim of obtaining higher performance. 
Bipolar plates with different flow field layouts have been designed and their effect on the PEM 
fuel cell were measured using computational multiphysics model to achieve high performing fuel 
cells by reducing the mass transport losses and increasing heat dissipation at high current 
densities. 
 
2 DESIGN AND ANALYSIS OF BIPOLAR PLATE 
In this chapter, a description of the various designs of the bipolar plates is presented. We 
also developed a computational fluid dynamics model for analyzing gas flow field with multiple 
parallel channels for thermal and pressure drop estimations. Several bipolar plates have been 
designed by varying the channel size, distance between the channels and the number of channels. 
Pro E and Solidworks were used for the purpose of designing these plates and the CFD analysis 
has been performed using STAR CCM+.  
2.1 Geometry of the Bipolar Plate 
Several geometric models have been prepared using Creo Parametric 2.0 and Solidworks 
with channel dimensions of 100µm and 50µm. The gap between the channels is 100µm and 
50µm respectively. We would also like to work on models with lower gaps for future work. Each 
model consists of one inlet and one outlet but each inlet will be split into four channels of the 
above mentioned channel widths. These four channels have been arranged in serpentine shape 
for maximum convective transfer in a plate of dimension 5cm x 5cm. For the analysis we are 
also considering the size of 1cm X 1cm 
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In the actual fuel cell, the plate has the flow channels on both sides to stack the fuel cells 
and a single serpentine channel is present for the cooling of the plate. CFD analysis was 
performed for 100µm (Case 1) and 50µm (Case 2) and analysis has been performed to observe 
their pressure drop and heat transfer. 
We are considering only sharp bends for the channels as having rounded bends will result 
in less convective area but on the down side this could result in heat generation due to turbulence 
at the corners. We would also like to take a look at rounded bends at a future stage and identify 
how the convective heat transfers might vary in both the designs. 
Figure 2-1 Bipolar plate 1cm x 1cm (100µm channel) 
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2.2 Mesh and Physics Parameters 
Star CCM+ has several different meshing models and we select surface remesher, 
trimmer and prism layer meshing with a base size of 50µm for Case-1 and 25um for Case-2. We 
make sure that curvature refinement is checked for both surface remesher and trimmer models as 
the entrance region is curved for our geometry. Below is a brief explanation about what our 
meshing models do. 
• “Surface Remesher” improves triangulation of wrapped surface. 
• “Trimmer” trims hexahedral volume meshes. 
Figure 2-2 Bipolar plate 5cm x 5cm (50µm channel) 
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• “Prism Layer Mesher” resolves the boundary layer. 
Figure 2-4 Zoomed View of Mesh Scene for Case-2 
Figure 2-3 Mesh Scene for Case -2 
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 The Case-1 has 162,812 cells whereas for Case-2 the number drastically increases to 
1,436,068 cells. Since the channels are so small we need finer mesh to get better results. 
For both the cases the mass flow rates have been selected based upon the current density. 





Where ‘S’ is consumption rate; ‘i’ is current density; ‘n’ is no. of electrons and ‘F’ is the 
Faraday’s constant.  
Figure 2-5: Mesh Scene for Case -1 
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The physics for this problem are three dimensional, Gas, Implicit unsteady, Laminar, 
Segregated flow, Constant Density and segregated fluid isothermal. All the material properties 
for hydrogen are entered in the physics section. Various flow rates have been selected to simulate 
the flow for different current densities. The inlet temperature is maintained constant for all the 
cases at 65ºC and the back plate is maintained at 70ºC to test the heat transfer capability of the 
plate. All other surfaces are selected as walls with no-slip condition and adiabatic. The next 
section gives a brief discussion of the results. 
Table 2-1 shows the flow rates for which this simulation has been performed along with 
its corresponding velocities and Reynolds numbers. 
Table 2-1 Flow Rates for this Simulation 
Mass Flow Rate (kg/s) Velocity (m/s) Reynolds No. 
3 x 10-7 3.619 40.43 
5.9 x 10-7 7.162 80 
8.9 x 10-7 10.742 120 





Hydrogen enters the plate at temperature of 338.15 K and it is observed that the 
temperature at the exit is around 344 K for Case-1 and 372.83 K in Case-2. This gives us about 
0.3W in Case-1 and 1.5W in Case-2 of heat loss to the surroundings. We performed these 
simulations for both the cases at four different flow rates of 0.0003gm/s, 0.00035gm/s, 
0.00053gm/s and 0.0007gm/s. This section discusses the results obtained from the simulation. 
The temperature distribution of both cases is shown below in Figs 2-6 and 2-7 for a flow rate of 
0.0003gm/s. 
Figure 2-6 Temperature Distribution for Case-1 at 0.0003gm/s 
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There is a highly noticeable difference in the pressure difference in both the cases. Case-1 
has only about 31 Psi where as in Case-2 the pressure difference is well above 1000 Psi. Figs 2-8 
and 2-9 show the pressure scenes with the pressure distribution at a flow rate of 0.0003gm/s. 
 
Figure 2-7 Temperature distribution for case 2 at 0.0003gm/s 
Figure 2-8 Pressure distribution for case-1 at 0.0003gm/s 
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Figs 2-10 and 2-11 show the pressure difference and heat loss in both the cases at all the 
simulated flow rates. We can notice that in both the cases the pressure difference and heat loss 
increases as the mass flow rate is increased. The pressure difference is not changing drastically in 
the 100µm channels but it is very clear in 50µm channels with pressure differences well over 
100psi in all cases. The same goes with heat loss. There is a difference of 4W in the heat loss 
between 0.003gm/s flow rate and 0.0007gm/s flow rate in the 50µm channel. The pressure is also 
negative in the Case-2, which suggests some kind of reverse flow taking place at the exit. 
Keeping this in mind, it would be best to choose the 100µm channels to avoid the reverse flow. 
Figure 2-9: Pressure distribution for Case-2 at 0.0003gm/s 
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Figure 2-10 Pressure distribution at various flow rates 
Figure 2-11 Heat loss at various flow rates 
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In figures 2-12 and 2-13 we can observe the average velocity profile at the midsection of 
all the four channels for both cases. We can see that velocity profile is the same in all the 
channels, i.e., equal mass transfer across all the channels. The maximum velocity is about 
160m/s at the center of the channel and zero at the boundaries as expected.  
Since the pressure drop across the 50µm channel’s bipolar plate is really high it would be 
ideal to use the one with 100µm channels. But with this selection we lose a lot of contact area, 
which would be useful in heat dissipation. An alternative would be to reduce the gap between the 
channels and compare the results with this analysis. This would be an ideal case for future work. 
Figure 2-12 Velocity profile at the mid plane for Case-1 
Figure 2-13 Velocity profile at the mid plane for Case-2 
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In the next chapter we design a fuel cell using these bipolar plates and create a multi physics 
model to analyze the performance enhancements in the fuel cell. 
3 COMPUTATIONAL MODEL OF PEM FUEL CELL 
In this chapter a detailed description of the multiphysics model used for the simulation is 
presented. All the equations and properties related to the model are also included. We are 
performing our simulation using the bipolar designed in the previous chapters adjacent to anode 
and cathode diffusion layers. A membrane-electrode Assembly (MEA), representing a tri-layer 
fuel cell, is composed of an anode diffusion- layer electrode, membrane, and cathode-diffusion 
layer electrode (Fig 3-1). Humidified hydrogen and oxygen in the form of air flows through the 
anode gas channels and cathode channel, respectively. The main objective of this simulation is to 
show the effect of the bipolar plates on the performance of fuel cell at a given current density. 
 
Figure 3-1 PEM fuel cell with tri-layer 
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A humidified H2 gas mixture enters the anode gas channels and humidified oxygen in the 
form of air enters the cathode gas channels. Hydrogen diffuses through the gas diffusion layer 
towards the catalyst-coated anode electrode-electrolyte interface where two electrons and two 
protons (H+) are formed from each molecule. Electrons released from the hydrogen at the anode 
pass through the conductive diffusion layer toward external circuit to the cathode electrode. The 
H+ migrate through the electrolyte media towards the cathode. At the catalyst-coated cathode-
electrolyte interface, the electrons combine with oxygen gas supplied and H+ to form water. Heat 
is generated during this reaction, as it as an exothermic reaction. The purpose of the electrolyte is 
to transport the protons towards the cathodes as well as conduct ionic charge between the anode 
and cathode electrodes. A proton exchange membrane (PEM) uses polymers as carriers of ions. 
Platinum catalyst is required in both anodic and cathodic reactions for low temperature 
electrochemical reactions.  
As the PEM fuel is symmetric over the highlighted section we can consider only that unit 
cell for simulation purposes, which will significantly reduce the computational time. Fig 3-2 
shows the base model that we will use for the simulation. 
Figure 3-2 Base model for simulation 
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The fuel cell produces energy from the electrochemical reactions. Both the anodic and 
cathodic reactions require a catalyst to perform the reaction in a PEMFC. To calculate the energy 
generated from the electrochemical reactions, it is very important to consider both the half-cell 
reactions separately. The algebraic sum of half-cell potentials gives the output voltage. The half-
cell reactions and the total reaction are shown below. 
Anode Reaction −+ +→ eHH 222  
Cathode Reaction −− →+ 22 22
1 OeO  
Overall Reaction OHOH 2
22 →+ −+  
 
3.1 Comsol Model 
This model example investigates the transport of reactants and water in the unit cell 
described above. The model includes mass and momentum transport phenomena in the flow 
channels, gas diffusion layers (GDLs), and porous electrodes, as well as electrochemical currents 
in the GDLs, the porous electrodes, and the polymer membrane. 
 Comsol provides a very comprehensive method to define all the parameters that can be 
reused through out the model. Given below is the table of all the parameters that are being used 
for this simulation.   
Table 3-1 Global Definition Parameters 
Name Expression Description 
L 0.02[m] Cell length 
H_ch 1e-3[m] Channel height 
W_ch 0.7874e-3[m] Channel width 
(Continued on following page)  
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Name Expression Description 
W_rib 0.90932e-3[m] Rib width 
H_gdl 380e-6[m] GDL width 
H_electrode 50e-6[m] Porous electrode thickness 
H_membrane 100e-6[m] Membrane thickness 
eps_gdl 0.4 GDL porosity 
kappa_gdl 1.18e-11[m^2] GDL permeability 
sigma_gdl 222[S/m] GDL electric conductivity 
wH2_in 0.743 Inlet H2 mass fraction (anode) 
wH2O_in 0.023 Inlet H2O mass fraction (cathode) 
wO2_in 0.228 Inlet oxygen mass fraction (cathode) 
mu_anode 1.19e-5[Pa*s] Anode viscosity 
mu_cathode 2.46e-5[Pa*s] Cathode viscosity 
MH2 0.002[kg/mol] Hydrogen molar mass 
MN2 0.028[kg/mol] Nitrogen molar mass 
MH2O 0.018[kg/mol] Water molar mass 
MO2 0.032[kg/mol] Oxygen molar mass 
D_H2_H2O 9.15e-5*(T/307.1[K])^1.75[m^2/s] H2-H2O Binary diffusion coefficient 
D_N2_H2O 2.56e-5*(T/307.15[K])^1.75[m^2/s] N2-H2O Binary diffusion coefficient 
D_O2_N2 2.2e-5*(T/293.2[K])^1.75[m^2/s] O2-N2 binary diffusion coefficient 
D_O2_H2O 2.82e-5*(T/308.1[K])^1.75[m^2/s] O2-H2O binary diffusion coefficient 
T 298[K] Cell temperature 
p_ref 1.013e5[Pa] Reference pressure 
V_cell 0.9 Cell voltage 
cO2_ref 40.88[mol/m^3] Oxygen reference concentration 
cH2_ref 40.88[mol/m^3] Hydrogen reference concentration 
eps_l 0.3  
eps_cl 1 - eps_l - eps_gdl Open volume fraction for gas diffusion 
kappa_cl kappa_gdl/5 Permeability (porous electrode) 
sigma_m 9.825[S/m] Membrane conductivity 
Ax H_ch*W_ch Cross Sectional Area 
MMa (MH2*wH2_in) + (MH2O*(1 - wH2_in)) Molecular Weight of anode mixture 
(Continued on following page)  
Table 3-1. Continued.
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Name Expression Description 
MMc (MO2*wO2_in) + (MN2*(1 - wO2_in - 
wH2O_in)) + (MH2O*wH2O_in) 
Molecular Weight of 
cathode mixture 
R 8.314[J/(mol*K)] Universal gas Constant 
rhoa MMa*p_ref/(R*T) Density of anode mixture 
rhoc MMc*p_ref/(R*T) Density of cathode mixture 
s 1.2 Stoichiometric Factor 
na 2 Number of electrons anode 
nc 4 Number of electrons cathode side 
F 96485[C/mol] Faradays Constant 
3.2 Geometry of the Unit Cell 
The unit cell geometrical parameters are mentioned in the Table 3-1. Since we are only 
considering the unit cell for simulation purposes, the dimensions are significantly smaller than 
those of the whole cell. Figure 3-3 the final geometry used for simulation. This is a 3D model 
with seven domains representing the following parts of a fuel cell:  
i. Anode Channel 
ii. Cathode Channel 
iii. Anode Electrode 
iv. Cathode Electrode 
v. Anode GDL 
vi. Cathode GDL 
vii. Membrane 
Table 3-1. Continued. 
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 The dimensions of the fuel cell are mentioned in Table 3-1. Using Comsol’s built in 3D 
modeling tool we have created seven blocks which form the above mentioned seven domains 
with the appropriate dimensions. After successfully building the geometry we move on to setting 
up the physics conditions. 
3.3 Physics Conditions 
Table 3-2 gives a brief description of each domain in the Comsol model. 
Table 3-2 Description of the Domains 
Name Description 
Domain 1 Anode GDL 
Domain 2 Anode Electrode 
Domain 3 Membrane 
Domain 4 Cathode Electrode 
Domain 5 Cathode GDL 
Domain 6 Anode Channel 
Domain 7 Cathode Channel 
Figure 3-3 Geometry of the unit cell 
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3.3.1 Secondary Current Distribution (siec) 
 In the Figure 3-4 Domains 1-5 (i.e. the gas diffusion layers, membrane and the 
electrodes) are highlighted. The current distribution takes place only between these domains and 
not in the flow channels. The equations that determine the current distribution are given below. 
Conservation of Current: 
∇•il =Ql  
Ohms Law:  
il = −σ l∇Φl  
 
 
Figure 3-4 Unit cell highlighting the current distribution domains 
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Table 3-3 Settings for Secondary Current Distribution 
Description Value 
Electrolyte potential Linear 
Compute boundary fluxes On 
Apply smoothing to boundary fluxes On 
Electric potential Linear 
Compute boundary fluxes On 
Apply smoothing to boundary fluxes On 
Current distribution type Secondary 
3.3.1.1 Electrolyte 
 The electrolyte for this electrochemical reaction is a domain level physics condition. Here 
the electrolyte is the membrane so we select Domain-3 in the Domain Selection. It follows the 
conservation of current and ohms law mentioned above. We use a user-defined value of 
Electrolyte Conductivity represented by sigma_m (σm ) and the value can be looked up in a 
table. 




Electrolyte conductivity User defined 
Electrolyte conductivity {{sigma_m, 0, 0}, {0, sigma_m, 0}, {0, 0, sigma_m}} 
3.3.1.2 Insulation 
 Insulation is a boundary-level physics condition, and the boundaries of the GDLs, 
electrodes and membrane are to be insulated, so we select their respective boundaries. 
Geometric entity level Boundary 
Selection Boundaries 1–2, 4–5, 7–8, 10–11, 13–14, 17–21, 25, 28, 36–40 
 
The current flowing from these boundaries is zero. Hence the equation governing this 
condition is 
−n ⋅ i = 0  
Figure 3-6 Highlighting the insulated boundaries 
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3.3.1.3 Initial Values 1 
The initial values known for this simulation are the electrolyte potential and electric potential 
which are zero for Domains 1-3, i.e., the anode GDL, anode electrode and membrane. In the 
settings section we set these parameters to zero. 
Selection 
Geometric entity level Domain 




Electrolyte potential 0 
Electric potential 0 
Figure 3-7 Initial values (anode side) 
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3.3.1.4 Porous Electrode 1 
 We are selecting the anode GDL (i.e. Domain 2) under Porous Electrode 1 (Fig 3-8) and 
all the parameters are being defined under the settings sections. 
Selection 
Geometric entity level Domain 







Temperature User defined 
Temperature 298.15[K] 
Figure 3-8 Porous electrode 1(anode) 
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Description Value 
Effective conductivity correction Bruggeman 
Electrolyte volume fraction eps_l 
Effective conductivity correction No correction 
Electrolyte material Domain material 
Electrolyte conductivity User defined 
Electrolyte conductivity {{sigma_m, 0, 0}, {0, sigma_m, 0}, {0, 0, sigma_m}} 
Electrode material Domain material 
Electrical conductivity User defined 
Electrical conductivity {{sigma_gdl, 0, 0}, {0, sigma_gdl, 0}, {0, 0, 
sigma_gdl}}  
3.3.1.5 Porous Electrode Reaction 1 
The anode side reaction, which is responsible for the splitting of hydrogen atom into 
protons and electrons, takes place at the anode GDL and anode boundary (Fig 3-9). We use the 
Butler-Volmer to describe the dependency between the electric current and the electrode 
potential. All the other related parameters are also defined under the settings tab. 




Geometric entity level Domain 





Equilibrium potential User defined 
Kinetics expression type Butler - Volmer 
Exchange current density 1e5[A/m^2]*(rfcs.c_wH2/cH2_ref)^0.5 
Anodic transfer coefficient 1 
Cathodic transfer coefficient 1 
Active specific surface area 1e4 
Limiting current density Off 
Equilibrium potential at reference 
temperature 
0[V] 
Temperature derivative of equilibrium 
potential 
0 
Reference temperature 298.15[K] 
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3.3.1.6 Porous Electrode 2 
 We are selecting the cathode GDL (i.e. Domain 4) under Porous Electrode 2(Fig 3-10) 
and all the parameters are being defined under the settings tab. 
Selection 
Geometric entity level Domain 







Temperature User defined 
Temperature 298.15[K] 
Figure 3-10 Porous electrode 2 (cathode) 
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Description Value 
Effective conductivity correction Bruggeman 
Electrolyte volume fraction eps_l 
Effective conductivity correction No correction 
Electrolyte material Domain material 
Electrolyte conductivity User defined 
Electrolyte conductivity {{sigma_m, 0, 0}, {0, sigma_m, 0}, {0, 0, sigma_m}} 
Electrode material Domain material 
Electrical conductivity User defined 
Electrical conductivity {{sigma_gdl, 0, 0}, {0, sigma_gdl, 0}, {0, 0, 
sigma_gdl}}  
3.3.1.7 Porous Electrode Reaction 2 
 The cathode side reaction, which is responsible for the combining of hydrogen and 
oxygen atoms to form water, takes place at the cathode GDL and cathode boundary (Fig 3-11). 
We use the “Cathodic Tafel” equation to describe the dependency between the rate of the 
electrochemical reaction and the overpotential. All the other related parameters are defined under 
the settings tab. 
 
Figure 3-11 Porous Electrode Reaction (Cathode) 
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Selection 
Geometric entity level Domain 






Equilibrium potential User defined 
Kinetics expression type Cathodic Tafel equation 
Exchange current density 1[A/m^2]*rfcs2.c_wO2/cO2_ref 
Cathodic Tafel slope (<0) -95 [mV] 
Active specific surface area 1e4 
Limiting current density Off 
Equilibrium potential at reference temperature 1.2301 
Temperature derivative of equilibrium potential 0 
Reference temperature 298.15[K] 
 
 36 
3.3.1.8 Electrode 1 
We select Domains 1 and 5 as the electrodes (Fig 3-12) and the parameter that is required 
for this condition is the electrical conductivity of the gas diffusion layers corresponding to them. 
Since the GDL is the same on both sides, the electrical conductivity (σgdl ) is the same and can 
be looked up in the global definition parameters. 
Selection 
Geometric entity level Domain 





Electrical conductivity User defined 
Electrical conductivity {{sigma_gdl, 0, 0}, {0, sigma_gdl, 0}, {0, 0, sigma_gdl}}  
 
Figure 3-12 Electrode selection 
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3.3.1.9 Electric Ground 1 
The Anode boundary is grounded so the electrons can flow and generate current as the 
membrane only allows the protons to pass through it (Fog 3-13). 
Selection 
Geometric entity level Boundary 





Apply reaction terms on All physics (symmetric) 
Use weak constraints Off  
Figure 3-13 Electric ground (anode) 
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3.3.1.10 Electric Potential 1 
The electrons flow through the wire and enter the cell back at the boundary of the cathode 
(Fig 3-14). 
Selection 
Geometric entity level Boundary 





Boundary electric potential V_cell 
Apply reaction terms on All physics (symmetric) 
Use weak constraints Off 
Figure 3-14 Electric potential (cathode) 
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3.3.1.11 Initial Values 2 
The second Initial condition is the Voltage generated from this cell, which is defined by 
Vcell  (Fig 3-15). 
Selection 
Geometric entity level Domain 
Selection Domains 4–5 
Settings 
Description Value 
Electrolyte potential 0 
Electric potential V_cell 
Figure 3-15 Initial Value (Cathode Side) 
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3.3.2 Reacting Flow in Porous Media (rfcs) 
This physics interface solves for the velocity and pressure fields, together with an 
arbitrary number of mass fractions. In porous media regions, the Brinkman equations governing 
the fluid momentum are solved. In free-flow regions these are replaced by the Navier-Stokes 
equations. The continuity equation governing the total conservation of mass is solved in all 
regions. For the chemical species, the governing transport equations include convection, 
diffusion and, optionally, migration in an electric field. 
The flow occurs on both anode side and cathode side and the only difference between 
these two are the species that are being transported in their domains. On the anode side (Fig 3-
16) we have hydrogen with a little bit of moisture to prevent desiccating of the membrane. On 
the cathode side we have oxygen as a part of air that constitutes nitrogen and also water is 
generated when the reaction is completed. So the way this physics is very similar. 
Figure 3-16 Reacting flow in porous media (anode side) 
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Selection 
Geometric entity level Domain 















Mass fraction Linear 
Compute boundary fluxes On 
Apply smoothing to boundary fluxes On 
Discretization of fluids P1 + P1 
Value type when using splitting of complex variables {Real, Real, Real} 
Migration in electric field 0 
Diffusion model Maxwell - Stefan 
Regularization On 
Enable space-dependent physics interfaces 0 
Synchronize with COMSOL Multiphysics  
Neglect inertial term in free flow (Stokes flow) Off  
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3.3.2.1 Transport Properties 1 
We use the transport properties node to define the fluid properties, the thermal diffusion 
coefficient, and the Maxwell-Stefan diffusivity matrix (Fig 3-17). The flow takes place in all the 
domains. 
Selection 
Geometric entity level Domain 














Electric potential User defined 
Electric potential 0 
Thermal diffusion coefficient {0, 0} 
Molar mass {MH2, MH2O} 
Maxwell-Stefan diffusivity matrix {{1, D_H2_H2O}, {D_H2_H2O, 1}} 
Diffusion coefficient {{{1e-5[m^2/s], 0, 0}, {0, 1e-5[m^2/s], 0}, {0, 0, 1e-
5[m^2/s]}}, {{1e-5[m^2/s], 0, 0}, {0, 1e-5[m^2/s], 
0}, {0, 0, 1e-5[m^2/s]}}} 
Dynamic viscosity User defined 
Dynamic viscosity mu_anode 
Reference length 1 
Reference length scale Automatic 
Mixing length limit Automatic 
Fluid material Domain material 
Density User defined 
Density rhoa  
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3.3.2.2 No Flux 1 
The No Flux node, which is the default boundary condition available for exterior 
boundaries, represents boundaries where no mass flows in or out, i.e., the total flux is zero (Fig 
3-18). 
Selection 
Geometric entity level Boundary 





Apply for all species Apply for all species 
 
 
Figure 3-18 No flux boundaries 
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3.3.2.3 Wall 1 
 The wall node includes a set of boundary conditions describing the fluid-flow condition 
at a wall (Fig 3-19). 
Selection 
Geometric entity level Boundary 





Boundary condition No slip 
Apply reaction terms on All physics (symmetric) 
Use weak constraints Off  
Figure 3-19 Wall condition 
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3.3.2.4 Initial Values 1 
The Initial Values node prescribes initial values for the mass fractions, velocity field, and 
pressure that can serve as initial conditions for a transient simulation or as an initial guess for a 
nonlinear solver (Fig 3-20). The initial mass fractions can be specified from the following 
quantities: 
 The mass fraction: ω = ω0 
 The mole fraction: x = x0 
 The molar concentration: c = c0 
 The number density, which describes the number of particles per volume: n = n0 
 The density: ρ = ρ0 
Selection 
Geometric entity level Domain 
Selection Domains 1–2, 6 





Mixture specification Mass fractions 
Mass fraction {wH2_in, 0.1} 
Velocity field {0, 0, 0} 
Pressure 0 
3.3.2.5 Porous Matrix Properties 1 
 We use the porous matrix properties node to define which domains contain porous 
material and to define the porous matrix properties, such as the porosity and permeability in 
these domains (Fig 3-21). 
Selection 
Geometric entity level Domain 
Selection Domain 1  












Porous material Domain material 
Permeability User defined 
Permeability {{kappa_gdl, 0, 0}, {0, kappa_gdl, 0}, {0, 0, 
kappa_gdl}} 
Porosity User defined 
Porosity eps_gdl 
Effective mass transport parameters Bruggeman  
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3.3.2.6 Porous Matrix Properties 2 
 
Selection 
Geometric entity level Domain 











Porous material Domain material 
Permeability User defined 
Permeability {{kappa_cl, 0, 0}, {0, kappa_cl, 0}, {0, 0, 
kappa_cl}} 
Porosity User defined 
Porosity eps_cl 
Effective mass transport parameters Bruggeman  
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3.3.2.7 Porous Electrode Coupling 1 
Use the Porous Electrode Coupling to add a mass source in a domain that is coupled to a 
porous electrode reaction (Fig 3-23). The mass source is calculated from the molecular masses of 
the reacting species and from the number of electrons, stoichiometric coefficients, and 
volumetric current density of the coupled porous electrode reaction specified in the Reaction 
Coefficients subnodes. 
Selection 
Geometric entity level Domain 
Selection Domain 2  
Equations 
 





3.3.2.8 Reaction Coefficients 1 
We use the Reaction Coefficients node to the electrode-electrolyte interface coupling and 
porous electrode coupling features to define the stoichiometric coefficients. 
Selection 
Geometric entity level Domain 
Selection Domain 2 
Settings 
Description Value 
Local current source Local current source (siec/pce1/per1) 
Number of participating electrons 2 
Stoichiometric coefficient {1, 0}  
3.3.2.9 Inflow  
The Inflow node adds a boundary condition for an inflow boundary where one condition for 
each species is specified (Fig 3-24). The condition can be specified using the following 
quantities: 
 The mass fraction: ω = ω0 
 The mole fraction: x = x0 
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 The molar concentration: c = c0 
 The number density, which describes the number of particles per volume: n = n0 
 The density: ρ = ρ0 
Selection 
Geometric entity level Boundary 





Mixture specification Mass fractions 
Mass fraction {wH2_in, 0.1} 
Apply reaction terms on Individual dependent variables 
Use weak constraints Off  
 
Figure 3-24 Inflow boundary condition 
 54 
3.3.2.10 Outflow 1 
 The Outflow node is the preferred boundary condition at outlets where the species are to 
be transported out of the model domain (Fig 3-25). It is useful, for example, in mass transport 
models where it is assumed that convection is the dominating effect driving the mass flow 
through the outflow boundary. This node is available for exterior boundaries. The boundary 
condition is applied to all species and corresponds to one of the following equations depending 
on the selected diffusion model. 
 
Selection 
Geometric entity level Boundary 
Selection Boundary 30  
Equations 
 
Figure 3-25 Outflow boundary condition 
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3.3.2.11 Inlet 1 
We set the inlet velocity boundary condition here at Boundary 23. 
Selection 
Geometric entity level Boundary 





Use weak constraints Off 
Boundary condition Laminar inflow 
Laminar inflow option Average velocity 
Average velocity Ua 
Entrance length 1e-2 
Constrain outer edges to zero On 
Standard pressure 1[atm] 
Standard molar volume 0.0224136[m^3/mol] 
Normal mass flow rate 1e-5[kg/s] 
Mass flow type Mass flow rate 
Standard flow rate defined by Standard density  
 
3.3.2.12 Outlet 2 
The Outlet node includes a set of boundary conditions describing fluid-flow conditions at 
an outlet. By default we have pressure. 
Selection 
Geometric entity level Boundary 








Boundary condition Pressure 
Pressure 0 
Normal flow On 
Suppress backflow On 
Apply reaction terms on All physics (symmetric) 
Use weak constraints Off  
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3.3.2.13 Symmetry 1 
 The Symmetry node adds a boundary condition that describes symmetry boundaries in a 
fluid-flow simulation (Fig 3-26). The boundary condition for symmetry boundaries prescribes no 
penetration and vanishing shear stresses.  
Selection 
Geometric entity level Boundary 






Use weak constraints Off  
Figure 3-26 Symmetry boundary condition 
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3.3.3 Mesh 1 
 Comsol does a decent job in generating the basic meshes with various options. We are 
creating a custom mesh (Fig 3-27), which is more uniform than Comsol’s in-built offerings. 
Below are the parameters assigned for each section. 
Figure 3-27 Final Mesh 
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3.3.3.1 Size (size) 
Settings 
Name Value 
Maximum element size 0.0020 
Minimum element size 3.6E-4 
Curvature factor 0.6 
Resolution of narrow regions 0.5 
Maximum element growth rate 1.5  
3.3.3.2 Edge 1 (edg1) 
Selection 
Geometric entity level Edge 
Selection Edges 3, 17, 33, 36, 48, 51  
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3.3.3.2.1 Size 1 (size1) 
Selection 
Geometric entity level Edge 
Selection Edges 3, 17, 33, 36, 48, 51 
Settings 
Name Value 
Maximum element size W_ch/8 
Minimum element size 3.6E-4 
Minimum element size Off 
Curvature factor 0.6 
Curvature factor Off 
Resolution of narrow regions 0.5 
Resolution of narrow regions Off 
Maximum element growth rate 1.5 
Maximum element growth rate Off 
Custom element size Custom  
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3.3.3.3 Edge 2 (edg2) 
Selection 
Geometric entity level Edge 
Selection Edges 13, 65  
 
3.3.3.3.1 Distribution 1 (dis1) 
Selection 
Geometric entity level Edge 
Selection Edges 13, 65 
Settings 
Name Value 
Distribution properties Predefined distribution type 
Number of elements 8 
Element ratio 4  
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3.3.3.4 Edge 3 (edg3) 
Selection 
Geometric entity level Edge 
Selection Edges 1, 57  
 
3.3.3.4.1 Distribution 1 (dis1) 
Selection 
Geometric entity level Edge 
Selection Edges 1, 57  
Settings 
Name Value 
Distribution properties Predefined distribution type 
Number of elements 8 
Element ratio 4 
Reverse direction On  
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3.3.3.5 Edge 4 (edg4) 
Selection 
Geometric entity level Edge 
Selection Edges 4, 59  
 
3.3.3.5.1 Distribution 1 (dis1) 
Selection 
Geometric entity level Edge 
Selection Edges 4, 59  
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3.3.3.6 Edge 5 (edg5) 
Selection 
Geometric entity level Edge 
Selection Edges 10, 63  
 
3.3.3.6.1 Distribution 1 (dis1) 
Selection 
Geometric entity level Edge 
Selection Edges 10, 63  
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3.3.3.7 Edge 6 (edg6) 
Selection 
Geometric entity level Edge 
Selection Edges 7, 61  
3.3.3.7.1 Distribution 1 (dis1) 
Selection 
Geometric entity level Edge 
Selection Edges 7, 61  
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3.3.3.8 Edge 7 (edg7) 
Selection 
Geometric entity level Edge 
Selection Edges 29, 34, 45, 49 
3.3.3.8.1 Distribution 1 (dis1) 
Selection 
Geometric entity level Edge 
Selection Edges 29, 34, 45, 49  
Settings 
Name Value 
Distribution properties Predefined distribution type 
Number of elements 8 
Element ratio 2 
Symmetric distribution On  
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3.3.3.9 Mapped 1 (map1) 
Selection 
Geometric entity level Boundary 
Selection Boundaries 2, 5, 8, 11, 14, 23, 27  
3.3.3.10 Swept 1 (swe1) 
Selection 
Geometric entity level Remaining  
3.3.3.10.1 Size 1 (size1) 
Selection 
Geometric entity level Domain 





Maximum element size W_ch 
Minimum element size 3.6E-4 
Minimum element size Off 
Curvature factor 0.6 
Curvature factor Off 
Resolution of narrow regions 0.5 
Resolution of narrow regions Off 
Maximum element growth rate 1.5 
Maximum element growth rate Off 
Custom element size Custom 
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3.3.4  Results 
Results for three-dimensional PEM power device recreation models are displayed in this 
section. Checking the overall balance of gas consumption, water, and heat balance first validates 
the result of the simulation. A lattice refinement study is then led to guarantee the computational 
exactness and union of the PEM power device recreation model. In this part, a tri-layer PEM 
energy component is dissected with differing working and geometrical parameters, for example, 
working current thickness, stoichiometric proportion and number, and size of gas stream directed 
in the bipolar plate. This study incorporates investigation of gas fixation, water, and temperature 
appropriation over the tri-layer cell and along the gas stream channels. Further results are broken 
down for PEM Fuel cell’s performance in terms of polarization curve, limiting current density, 
and mass transfer losses.  
Using the Comsol’s domain probe we were able to measure the current at the cathode and 
then divided it with the cross-sectional area to calculate the current density. Figure 3-28 presents 




The performance of fuel cells is characterized by a polarization plot, which shows the 
single cell voltage as a function of the current density (total current divided by cross-sectional 
area). So we can see the reaction losses aren’t significant, which occurs between 1.2V to about 
0.9V, as the current density is almost the same at those voltages. As you further decrease the 
voltage you reach the Ohmic loss region between 0.9V to 0.2 V and then there is sudden halt in 
the current density at voltages lower than this due to mass transfer losses; simply put, there is not 
enough hydrogen ions to combine with oxygen to generate electricity.  
Figure 3-28 Polarization plot (V_cell vs. current density) 
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 Figure 3-29 gives us information about the current density across the anode boundary. As 
the hydrogen moves further along the channel we observe that the current density decreases, as 
the concentration of hydrogen is less than what it was at the entrance.  
 
 
Figure 3-29 V_cell = 0.65V, Electrolyte Current Density (A/m^2) 
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In Figs 3-30 and 3-31 we can observe the variation of the molar concentration of 
hydrogen and oxygen along the fuel cell at 0.5 A/cm2. 
 
Figure 3-30 Anode hydrogen concentration at 0/5 A/cm2 
Figure 3-31 Cathode oxygen concentration at 0.5 A/cm2 
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 In Figs 3-32 and 3-33 we can observe the variation of the molar concentration of water in 
anode and cathode region along the fuel cell at 0.5 A/cm2. 
 
Figure 3-33 Cathode water concentration at 0.5 A/cm2 
Figure 3-32 Anode water concentration at 0.5 A/cm2 
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 Now let us take a look at the variation of the molar concentration at different current 
densities.  In Fig 3-34 we can observe the hydrogen concentration at three different current 
densities of 0.5, 0,75 and 1.0 A.cm2.  
 In the similar way we also plotted the variation in concentration for oxygen on the 
cathode side at different current densities (Fig 3-35). 
Figure 3-34: Hydrogen Molar concentration at different current densities 
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We see that at a current density of 1 A/cm2 the hydrogen concentration drops by 0.7 
mol/m3 and oxygen concentration drops by about 2.4 mol/m3. We see that the concentration drop 
in hydrogen is less when compared to oxygen. In the next chapter we will discuss the conclusion 
and identify what can be done to improve this result. 
Figure 3-35: Oxygen Molar Concentration at different current densities 
4 Manufacturing of the Bipolar Plate 
One of the major challenges in the production of economical polymer electrolyte 
membrane (PEM) fuel cells is the manufacturing of bipolar plates that meet all the property 
requirements and can be readily manufactured to impart fine channels for transporting hydrogen 
and oxygen. This chapter discusses the manufacturability of the bipolar plate using 3D printing. 
 Bipolar plates can be made from various materials with the most common being 
graphite, metal, carbon/carbon, and polymer composites. Each type of material has its strengths 
and weaknesses. There are three main commonly used methods for manufacturing of bipolar 
plates: (1) subtractive machining of graphite plates, (2) molding graphite or carbon materials, 
and (3) stamping materials. These three methods are limited by slow and expensive 
manufacturing methods. The most widely used method for manufacturing research bipolar plates 
is machining them from graphite. This method is only suited for low-volume production. All of 
the plate’s functional geometry is machined with a CNC machine. An example of a CNC 
machined graphite plate is found in Fig 4-1. To avoid even higher machining costs, the plate 
design is limited to simple geometries with uniform features typically on the order of 0.79 mm in 
width and depth. This method is very expensive and does not support the high-volume 
production. Similar to the machining methods, molding also is limited to simple geometry due to 
high cost involved in preparing complex mold patterns. Molded plates also suffer from high 
minimum thickness, which increases the stack volume, and weight, which in turn decreases stack 
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efficiency. Flow plates made out of metal are perfect in many cases but their major drawbacks lie 
in corrosion resistance, tool cost and subtractive limitations. This research aims to tackle the 
above-mentioned limitations of the standard manufacturing methods by inspecting low-cost 
additive prototyping and manufacturing methods. 
 
Figure 4-1: Graphite Bipolar Plate 
Materials for polymer composites are relatively inexpensive and channels can be formed 
by means of compression or injection molding. In this research we would like to delve into the 
area of 3D printing and measure the functionality and usability of bipolar plates manufactured 
using this process.   
4.1 3D Printing 
3D printing, also known as "additive manufacturing," is the process of manufacturing a three-
dimensional object from a 3D model or other data sources predominantly through the additive 
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process in which continual layers of material are laid down under computer control. There are 
many 3D Printers available in the market for commercial and personal use where the former is 
more powerful than the latter. For our research we are using the Pro Jet HD 3000 - 3D system 
(Fig 4-2), which uses the VisiJet® EX200 as the manufacturing material and VisiJet® S100 as a 
support material. Table 4-1 and 4-2 shows the specifications of Pro Jet HD 3000 - 3D system and 
the properties of VisiJet® EX200. 
 
Figure 4-2: View of the Pro Jet HD 3000 - 3D System 
Table 4-1: Specifications of Pro Jet HD 3000 - 3D System 
Printing Modes HD - High Definition, 
UHD - Ultra High Definition  
Net Build Volume (xyz) HD Mode 298 x 185 x 203mm (11.75 x 7.3 x 8 in) 
UHD Mode 127 x 178 x 152mm (5 x 7 x 6 in)  
Resolution HD Mode 375 x 375 x 790 DPI (xyz); 32µ layers, 
UHD Mode 750 x 750 x 890 DPI (xyz); 29µ layers  
Accuracy (typical) 0.001-0.002 inch (0.025-0.05 mm) per inch of part 
dimension, 
(Accuracy may vary depending on build 
(Continued on following page) 
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parameters, part geometry and size, part 
orientation, and post-processing methods) 
Build Material VisiJet. EX200 
VisiJet. SR200 
VisiJet. HR200  
Support Material VisiJet. S100  
Electrical  100-127 VAC, 50/60 Hz, single-phase, 15A; 200-
240* VAC, 50 Hz, single-phase, 10A 
Dimensions (WxDxH) 737 x 1215 x 1504mm (29 x 47.8 x 59.2 inches)  
Weight 254 kg (560 lbs.)  
Input Data File Formats Supported  STL and SLC  
Operating Temperature Range 18-28 °C (64-82 °F)  
Noise  < 65 dBa estimated (at medium fan setting)  
 
Table 4-2: Properties of VisiJet EX200 
Composition  UV Curable Acrylic Plastic 
Color  Natural 
Density @ 80 °C (liquid), g/cm3  1.02 
Tensile Strength, MPa  42.4 
Tensile Modulus, MPa  1283 
Elongation at Break, %  6.83 
Flexural Strength, MPa  TBD 
Flexural Modulus, MPa  1159 
Izod Notched Impact, kJ/m2   2.5 




VisiJet EX200 and the VisiJet S100 are proprietary material manufactured by 3D 
Systems Inc. to be used in the lined of 3D printers. The chemical composition of the materials 
are listed in Tables 4-3 and 4-4 
Table 4-3: Composition Information for VisiJet® EX200 
Component Percent 
Urethane acrylate oligomers  20 – 40 
Ethoxylated bisphenol A diacrylate 15 – 35 
Tripropelenglycol diacrylate 1.5 – 3 
 
Table 4-1. Continued. 
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Table 4-4: Chemical Composition of VisiJet® S100 
Component Percent 
Hydroxylated wax 60 – 100 
 
4.2 3D Printer Settings 
Slicing: Slicing is the process of converting your model into a tool path for your 3D 
printer. Every printer might use its own slicing engines. So the first activity performed by the 
printer is to cut the 3D model into thin horizontal slices. 
Layer Height: The layer height is a self-explaining property but a very important one in 
regards to your final product. It is basically similar to vertical resolution in the 3D-printed object. 
The smaller the layer height, the sharper the features of the 3D-printed object are.  The layer 
height needs to be smaller than the height of your smallest feature. If the layer height is too small 
the amount of time taken could increase drastically. 
Build Speed:  The build speed is a combination of two different things, feed rate and 
flow rate. The feed rate is the speed at which the nozzle is moving and the flow rate is the speed 
at which the material is extruding. Increasing the build speed will decrease the object quality, so 
choosing an optimum value is necessary. 
Extrusion Temperature: Extrusion temperature is the temperature to which the nozzle 
heats during the build time. Higher build speeds require higher extrusion temperatures. That's 
because our plastics take time to melt, as well as high temperatures. The faster the plastic is 
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being pulled through the extruder, the higher the extrusion temperature needs to be to melt it 
quickly enough. 
4.3 Stages of Manufacturing 
4.3.1 Preparation Stage 
Make sure that there is build and support material for the print job. Then empty the drip bag in 
the waste drawer, which consists of excess material from the previous jobs. Finally clean the 
build tray and make sure it is locked in place before you begin the printing. 
4.3.2 Printing Stage 
The ProJet HD 3000 uses .STL file for manufacturing. The model can be prepared using 
any CAD software that supports output to .stl. The first step is to import the part into ProJet HD 
3000’s support software and position the part on the flatbed that mimics the one on the actual 
printer. While selecting the part you have the option of selecting the build style like high 
definition or ultra high definition. After positioning the part, a popup window will show all the 
part information (Table 4-5). Get the estimated time from the toolbar. Finally go to File > Submit 
Job > on Project, Press “ Play ”. 
Table 4-5: Part Information on the Pro Jet HD 3000 - 3D System 
Length Units mm  
Surface Area (sq. units) 6327 
Part Volume (cubic units) 594 
Weight Units Kg 
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Weight of Part 0.000677 
Weight of Support 0.002669 
Part Cartridges Estimated 1 
Support Cartridges Estimated 1 
Number of Triangles 5526 
4.3.3 Processing Stage 
The final stage of the manufacturing process is to melt away the support material. First 
turn on the dispatch thermal cabinet and set the temperature to 70ºC. Wait for the cabinet to 
reach the temperature. This could about 15 to 20 minutes depending on the initial temperature of 
the cabinet. It’s a better idea start preheating the cabinet before the part finishes so there is no 
unnecessary time loss. Once the cabinet reaches the set temperature, place the part in the cabinet 
and let the support material melt away into the drip tray. This might vary from about 1-3 hours 
depending on the part size. Now place the part in a crockpot filled with mineral solution to clean 
the part for about half an hour. Transfer the part in the ultrasonic cleaner for final cleaning for 
five minutes. Rinse the part under water if necessary and dry.  
The material cost can be calculated using the expression 
Vs – Support Volume in cubic inches 
Vb – Build volume in cubic inches 
Table 4-5. Continued. 
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Further manufacturing has to be tested for large-volume production using this 3D system or to 
identify another 3D system that can handle production at a larger scale.
5 CONCLUSION AND FUTURE WORK 
A number of bipolar plate designs have been considered throughout the study. Results were 
obtained for heat and mass transfer in gas channels and the cross section of bipolar plates. 
Multiphysics simulation was done for the bipolar plate, which best suited this application 
according to our initial cfd analysis. The analysis has been performed at various voltages and 
current densities to identify the exact point where the losses become significant. Results show 
that there is increase in the molar concentration of the fuels on the anode side and cathode side 
but it also shows a higher pressure difference for the 50µm channels. A significantly high 
variation in gas concentration across the electrode-membrane interfaces and along the channel 
length is noticed, requiring a higher stoichiometric ratio to increase the limiting current density. 
The polarization plot shows a drop of about 1 A/cm2 of current density from about 0.8V to 0.5V. 
We also tested the manufacturability of the designed bipolar plates where the 1cm x 1cm took 
about one hour and thirty minutes to manufacture and the 5cm x 5cm required more than three 
hours for manufacturing using the ProJet HD 3000 system. 
Future work should include performing the multiphysics simulation for the plates with 
rounded corners and increased mass transfer to decrease the pressure drop and increase the 
surface molar concentration of the fuels and maintain constant voltage at current density and vice 
versa. Bipolar plates with eight channels have been designed and can be used for this model. We 
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also have a model with cooling channel passing through the center of the bipolar plate, which 
can improve the heat transfer and thereby affect the performance of the fuel cell. Different 
bipolar design for the cathode side can be used where more transfer losses are occurring. Further 
manufacturing has to be tested for large-volume production using this 3D system or to identify 
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